In this work, an array of nanopores (diameter: 1000 nm, depth: 200 nm) is fabricated in silicon oxide (SiO 2 ) substrate. The contact angle (CA, ~ 83.3º) of water droplet (1 μL) on the SiO 2 nanopore array is found larger than that (~ 61.5º) on normal SiO 2 , indicating that the SiO 2 nanopore array has changed the surface wettability of SiO 2 . Then a few-layer graphene membrane is synthesized by chemical vapor deposition (CVD) and transferred onto the SiO 2 nanopore array, many graphene nanodrums (GNs) are formed. The CA of water droplet on GNs is measured to be 94.0º, which shows that the surface wettability of SiO 2 nanopore array has been changed from hydrophilic to hydrophobic state by the graphene membrane. When a current is applied to flow through the graphene membrane, the CA of water droplet on GNs becomes smaller than 90º, which is a hydrophobic-to-hydrophilic transition. It is also found that the CA of water droplet on GNs decreases as the current increases. These above observations show that the wettability of GNs can be modulated by current bias. The mechanism for these experiment phenomena is discussed, which is attributed to the role of water electrolysis.
Introduction
Graphene nanodrums (GNs), a graphene membrane suspending on the top of a nanopore array, have been researched more extensively. [1, 2] Inui et al examined the actuation of GNs using a molecular dynamics simulation. [3] Moreover, graphene resonator has been also explored using the structure of GNs. [4] Recently, Singh et al shot microwave photons at the GNs to explore the way graphene in these nanodrums moves, and they inferred that these GNs could act as memory chips in a quantum computer in the future. Surface wettability, which has been researched much recently, [5] is important for a wide range of applications in industrial settings, including paper and paint industries, biomedical industries for the design of implants and medical devices such as dental implants, contact lenses, design of biomimetic microfluidic devices, and determination of solid-liquid adhesion force. So, it is significant to investigate the surface wettability of GNs. [6] In this work, the surface wettability of SiO 2 nanopore array and GNs is investigated. It is found that the SiO 2 nanopore array can change the surface wettability of normal SiO 2 . When a CVD-grown few-layer graphene membrane is transferred onto the SiO 2 nanopore array, the contact angle (CA) of water droplet on the sample becomes into 94.0º, showing that the surface wettability of SiO 2 nanopores array has be changed from hydrophilic to hydrophobic by the graphene membrane. And it is found that the wettability of GNs could be modulated by current bias. The CA of water droplet on GNs becomes smaller when a current flows through the graphene membrane; and the CA of water droplet on GNs gradually decreases as the current bias increases. The mechanism of these experiment phenomena is discussed and attributed to the role of water electrolysis.
Experiment Section
A 2-by-2-cm array of nanopores (diameter: 1 μm, depth: 200 nm) was patterned in silicon oxide (SiO 2 ) epilayer (300-nm thickness) on silicon (Si) substrate by lithography and inductively coupled plasma (ICP) etching, the optical image is presented in Figure 1 (a). Our graphene samples were grown on pretreated copper foil under ambient pressure by CVD, and identified to be 3-4 layer by Raman characterization, as Figure 1c shows. [7] Raman spectra of our samples were collected using the laser excitation of ~ 514 nm by an argon ion laser. To avoid damage on the samples, we set the laser power to be less than 1 mW. A ~ 1 μm laser spot size was obtained with the application of a 100× objective lens with a numerical aperture of 0.926. Then the as-grown graphene sample was transferred onto the array of nanopores, forming many GNs, whose scanning electron microscope (SEM) images are shown in Figure 1(b) . SEM is a powerful tool for investigating the characteristics of materials. The SEM images of GNs were captured by Hitachi S4800. By the atomic force microscopy technology, it is found that the graphene membrane sinks into the nanopores and the sinking depth is ~ 35 nm, as shown in Figure 1 To investigate the surface wettability of GNs, the CA of distilled water droplet (1μL) was measured by sessile-drop method on a Dataphysics OCA20 CA system at room temperature. The experiment schematic for measuring the wettability of GNs is shown in Figure 2 (a). In order to investigate the modulation of wettability of GNs by current bias, a semiconductor characterization system called Keithley 4200-SCS (voltage resolution, ~1 mV) is used to apply a current through the GNs. Firstly, a drop of liquid was deposited with a micro syringe onto the dry GNs in air. Images of drops were captured, and the experimental profile of each drop was extracted. Then, the three-phase contact points were identified, which was a highly delicate process. The Young-Laplace theoretical model based on axisymmetric drop shape analysis was selected and the tangent line of the goniometer was adjusted to the contact points to obtain the CA automatically.
The sheet resistance of GNs is measured on a four-point probe sheet resistance meter, as shown in Figure 2 (b) (Inset: the experiment schematic for measuring the sheet resistance). It can be calculated correspondingly through the slope of line in Figure 2(b) , which is ~ 45kΩ/sq. 
Results and Discussion
The surface wettability of an ideally flat, homogeneous and inert surface can be reflected by CA, which can be expressed by Young's equation as shown below:
(1) Where θ denotes the CA of a droplet deposited on a surface, i.e., at a position where the solid, liquid and vapor phases are in contact considering a balance between the liquid-vapor ( In our experiment, the CAs of water droplets on normal SiO2, SiO2 nanopore array, and GNs are investigated. The histograms of CAs of the different samples are shown in Figure 3 . Obviously, the CA (~ 83.3º) of water droplet on the SiO2 nanopore array is found larger than that (~ 61.5º) on normal SiO2, indicating that the SiO2 nanopore array has changed the surface wettability of SiO2. When the few-layer graphene membrane is transferred onto the SiO2 nanopore array, many GNs are formed. The CA of water droplet on GNs is measured and found to be 94.0º, which presents that the surface wettability of SiO2 nanopore array has been changed from hydrophilic to hydrophobic by the graphene membrane. The hydrophilic-to-hydrophobic translation is a qualitative change. Figure. 4 . The histograms of CA of water droplet on graphene nanodrums as the current bias increases.
We found that the CA (94.0º) of water droplet on GNs becomes smaller (~ 86.2º) when a current bias (15 mA) is applied to flow through the graphene membrane, it is a translation from hydrophobic to hydrophilic, as shown in Figure 3 . We changed the value of current bias applied to flow through the graphene. As the current bias increases, the CA of water droplet on GNs gradually decreases. The variation trend of CA and cross-sectional view of water droplet with the current bias are shown in Figure 4 . We selected four values of current bias in our experiment; they are 0, 15, 30 and 45 mA, respectively. The corresponding CAs are 94.0º, 88.3º, 84.5º and 73.2º. So, we concluded that that the wettability of GNs can be modulated by current bias.
We performed a follow-on experiment, in which the heating effect of electric current is considered. The original temperature of graphene nanodrums is firstly measured to be 21.5 ℃. Then a current bias (45 mA) is applied to flow through the graphenes, the temperature of graphene nanodrums becomes into ~ 24.8 ℃. When we removed the current bias and warmed the graphene nanodrums to ~ 24.8 ℃, the CA of water droplet on graphene nanodrums is measured to be ~ 91.5º, which is larger than the CA (~ 73.2º) when a current bias of 45 mA is applied to flow through the graphenes. So, we don't think that the wettability modulation of graphene nanodrums is caused by the temperature change.
It was demonstrated that water can be pumped through superhydrophobic aligned multiwalled nanotube membranes by application of a small positive dc bias. 27 By the first-principles density functional method, the authors found that the sinking of the droplet is linked to the presence of electrolysis, during which electrochemical oxidation of the nanotube could be responsible for the variation of the CA. We consider that a similar process of electrochemical oxidation of graphene occurs in our experiment. The binding energy of water with the oxidized graphene is several times that of the pristine graphene and is comparable to hydrogen-binding energy in liquid water, which confirms that graphene oxidation makes the membrane hydrophilic. As the current increases, a deeper oxidation occurs and the binding energy of water with the oxidized graphene improves, which results in a more hydrophilic graphene membrane.
Summary
The CA of water droplet on GNs was measured, which is found larger than that on SiO 2 nanopores array, indicating that graphene had changed the surface wettability of SiO 2 nanopores array. It is found that the CA of water droplet on GNs becomes smaller when current flows through the graphene membrane; and as the current bias increases, the CA of water droplet on GNs gradually decreases. This observations show that the wettability of GNs can be modulated by current bias. The mechanism is studied and discussed, which is attributed to the role of water electrolysis. The modulation of the wettability of GNs by current bias could have strong applications in biotechnology, lab-on-chip devices, and nanofluidic plumbing systems, which may be designed to controllably move and manipulate the flow of very small volumes of aqueous liquids precisely in space and time.
